Entry into S phase of the mitotic cell cycle is normally strictly dependent on progression through the preceding M phase. In contrast, during endoreduplication, which accompanies post-mitotic cell growth in many organisms, repeated S phases occur without intervening M phases. Upon transition from mitotic to endoreduplication cycles in Drosophila embryos, expression of the mitotic cyclins A, B and B3 is terminated and Cyclin E expression is changed from a continuous into a periodic mode [1-3]. Here, we address whether these changes in cyclin expression are required for endoreduplication by continuously expressing Cyclin A, B, B3 or E in the salivary glands of Drosophila throughout late embryonic and larval development. With the exception of Cyclin A, expression of which inhibited endoreduplication effectively but only in a few, apparently randomly distributed, cells of the salivary gland, mitotic cyclin expression was found to have no effect. In contrast, Cyclin E expression resulted in a striking inhibition of endoreduplication and growth, preceded initially by an ectopic S phase occurring just after the onset of ectopic Cyclin E expression. This observation is consistent with our previous findings that Cyclin E is required, and pulses of ectopic expression are sufficient, for triggering endoreduplication S phases [4]. Our results indicate that Cyclin E activity, which triggers DNA replication, needs to be down-regulated to allow a subsequent S phase in vivo. 
Results and discussion
To express Cyclin E continuously in the salivary gland, we used the Gal4-UAS system [5] . The enhancer trap line F4 was found to drive expression of the yeast transcriptional activator Gal4 at high levels in the salivary gland and at lower levels in the midgut according to results with a target transgene (UAS-lacZ) composed of Gal4-binding sites (UAS) in front of a minimal heat-shock promoter and lacZ [5] . Expression in the salivary gland started during late stage 13 of embryogenesis, between the first and second rounds of endoreduplication [6] . We first tested whether F4-directed expression of a UAS-Cyclin E target gene [7] resulted in premature endoreduplication in the salivary gland, an outcome expected from previous experiments using a heat-inducible transgene [4] . Therefore, we pulselabeled embryos with 5-bromo-2′-deoxyuridine (BrdU) followed by staining with antibodies against BrdU. In addition, by anti-Cyclin E immunolabeling, we confirmed that UAS-Cyclin E was expressed in a similar temporal and spatial pattern to that previously found with UAS-lacZ. . Ectopic BrdU incorporation therefore occurred only transiently after the onset of F4-directed UAS-Cyclin E expression; whereas UAS-Cyclin E expression was maintained, BrdU incorporation was not.
F4-directed expression of UAS-Cyclin E generated higher levels of Cyclin E protein than endogenous Cyclin E expression. Signals reflecting endogenous expression were only slightly above background and were detectable only in the central nervous system (CNS) (Figure 1a , arrows). We emphasize therefore that this and the following experiments involved overexpression and thus we cannot exclude nonphysiological effects. Ectopic BrdU incorporation in the salivary gland was also transiently observed with other UAS-Cyclin E lines. The duration, penetrance and level of ectopic BrdU incorporation in the salivary gland was found to vary with transgene and experiment (see Supplementary material published with this paper on the internet). F4-directed expression of Cyclin A, B or B3 from appropriate UAS-transgenes did not result in ectopic BrdU incorporation (data not shown).
To determine whether persistent UAS-Cyclin E expression in salivary glands inhibited endoreduplication during subsequent larval development, we analyzed the size and DNA content of salivary gland nuclei in wandering third instar larvae. In addition, by simultaneously immunolabeling with anti-Cyclin E antibodies, we confirmed that UAS-Cyclin E expression persisted until this late larval stage. Whereas salivary gland nuclei of control larvae were large and highly polytene (Figure 2a,d) , we observed small nuclei with much lower levels of DNA labeling in F4>UAS-Cyclin E salivary glands (Figure 2b,f) . These small nuclei were readily labeled with antibodies against Cyclin E (Figure 2e ) in contrast to the large polytene nuclei
Open access under CC BY-NC-ND license. of control larvae, for which we were unable to detect signals above background (Figure 2c ). The number of cells present in F4>UAS-Cyclin E salivary glands was not reduced, indicating that persistent overexpression of Cyclin E did not cause cell death. F4-directed expression of UAS-Cyclin E also did not prevent development to the adult stage despite the severe effect on larval salivary gland development.
For a more quantitative estimation of the extent of endoreduplication, we quantified DNA-labeling intensities. The intensity in salivary gland nuclei relative to internal controls -nuclei of the diploid imaginal ring cells of the salivary gland and nuclei of the polytene fat body cells -was very low in the case of F4>UAS-Cyclin E larvae (Table 1) demonstrating that endoreduplication is severely, and most likely completely, inhibited by persistent overexpression of UAS-Cyclin E. In contrast to the variable extent of BrdU incorporation at the onset of ectopic UAS-Cyclin E expression, this strong inhibition of subsequent larval endoreduplication was invariably observed.
Our finding that F4-directed UAS-Cyclin E expression results in a transient ectopic endoreduplication after the onset of transgene expression, followed by inhibition of the subsequent normal endoreduplication program, is consistent with the idea that periodic Cyclin E-Cdk2 (Cyclin-dependent kinase 2) activity directs the rounds of endoreduplication; accordingly, inhibition of Cyclin E-Cdk2 activity is expected to inhibit endoreduplication as well. We therefore analyzed the effect of F4-directed expression of a UAS-dacapo transgene. The Drosophila dacapo gene encodes a Cdk inhibitor related to p21 Cip1 or p27 Kip1 , which specifically inhibits Cyclin E-Cdk2 complexes in vitro [7, 8] , although additional effects in vivo have not been ruled out. As expected, we found that F4-directed expression of UAS-dacapo also resulted in inhibition of endoreduplication ( Table 1 ).
The precise positive role that yeast Cdk1 complexes and higher eukaryote Cyclin E-Cdk2 play during entry into S phase has not been defined molecularly, nor has the negative role of Cyclin E in preventing re-replication been clarified. In yeast, Cdk1 inactivation is required for reloading of minichromosome maintenance (Mcm) proteins into pre-replication complexes at chromosomal origins, whereas Cdk1 activity eventually results in dissociation of Mcm proteins from chromosomal origins [9] . The role of Cyclin E-Cdk2 in regulation of chromosomal association of Mcm proteins in Drosophila is more complex [10] . Our suggestion that Cyclin E-Cdk2 has to be inactivated periodically to allow repeated rounds of endoreduplication is difficult to reconcile with the finding that in the initial early embryonic division cycles in both Drosophila and Xenopus Cyclin E-Cdk2 activity is more or less constant when assayed biochemically [3, 11] . Complexes of Cyclin E, which are nuclear during interphase, are however redistributed throughout the cell during mitosis. The resulting local drop of Cyclin E-dependent activity at chromosomal origins might allow pre-replication complexes to reassemble. In addition, it has been suggested that, in Xenopus, there is periodic local degradation of an inhibitor of distinct pools of Cyclin E-Cdk2 complexes [12] and increasing Cyclin E-Cdk2 activity during M phase is sufficient to inhibit the subsequent S phase in cycling Xenopus egg extracts in vitro [11] . Some fluctuation of Cyclin E-Cdk2 activity, therefore, is presumably also required during early embryonic cell cycles.
Mitotic cyclins are required for M phase and appear to be involved in making entry into S phase dependent on Control embryos carrying only the F4 enhancer trap insertion driving Gal4 expression in salivary glands (a-d) or F4>UAS-Cyclin E embryos carrying both F4 and a UAS-Cyclin E transgene (e-l) were either immunolabeled with antibodies against Cyclin E (a,b,e,f,i) or pulse-labeled with BrdU (c,d,g,h,j-l). Cyclin E expression was not detectable in salivary glands (white arrowheads) of control embryos at stage 14 (a,b), but expression started in F4>UAS-Cyclin E embryos at the same stage (e,f) and was still observed at stage 16 (i). BrdU incorporation was absent from salivary glands of control embryos at stage 14 (c,d), but was transiently observed in F4>UAS-Cyclin E embryos at stage 14 (g,h). Unlike Cyclin E expression, BrdU incorporation was no longer detected at stage 16 in transgenic embryos (j-l). For each embryo shown in (a), (c), (e), (g) and (j), the salivary gland region is shown at higher magnification in (b), (d), (f), (h) and (k), respectively. The salivary gland region in (k) is shown in (l) using differential interference contrast (DIC) optics. White arrows in (a) indicate endogenous Cyclin E expression in the CNS.
progression through the preceding M phase. Mutations in Cyclin A and Cdk1 do not only prevent M phase but also uncouple S phase from M phase [3, 13, 14] . The expression of mitotic cyclins during endoreduplication cycles might be switched off, therefore, not only because these proteins are no longer needed but also because they might interfere with endoreduplication. To test whether endoreduplication is dependent on the termination of mitotic cyclin expression, we expressed the mitotic cyclins ectopically during salivary gland development using F4 and UAS-transgenes constructed with Cyclin A, B or B3 cDNAs. Mitotic cyclin proteins are destabilized in embryos when cells stop proliferating and exit from the mitotic cycle [15] . It was therefore important to analyze whether F4-directed expression actually resulted in mitotic-cyclin accumulation. Transgene expression resulted in Cyclin A and Cyclin B protein accumulation to levels higher than those due to endogenous gene expression in mitotically proliferating cells of the CNS (Figure 3a,b) . As was observed with UAS-Cyclin E, UAS-Cyclin A and UAS-Cyclin B were not expressed at a uniform level in all of the salivary gland cells. Moreover, in the case of Cyclin B3, we could not detect ectopic accumulation from a UAS-transgene which was known to be functional in mitotically proliferating cells (data not shown).
The effect of ectopic expression of mitotic cyclins on endoreduplication was analyzed by labeling the DNA of salivary glands from wandering third instar larvae. Normal salivary glands were observed in F4>UAS-Cyclin B3 larvae, in which no ectopic Cyclin B3 accumulation was detected (data not shown). Significant effects were also not observed in F4>UAS-Cyclin B larvae ( Figure 3d , Table 1 ) in which UAS-Cyclin B expression was detected. In contrast, endoreduplication was inhibited by UAS-Cyclin A expression (Figure 3c ,e, Table 1 ). Interestingly, the extent of inhibition varied extensively between individual cells within the same salivary gland. In a minority of randomly distributed cells, inhibition appeared to be complete, whereas in most other cells inhibition was much less effective. Inhibition of endoreduplication was again paralleled by inhibition of cell growth. The small cells in which endoreduplication was completely inhibited caused readily recognizable distortions of the salivary gland (Figure 3e , arrows). Although we do not understand the reason for the variable response, these results demonstrate that Cyclin A can inhibit endoreduplication at least under some conditions. The ectopically expressed Cyclin A might inhibit endoreduplication indirectly, perhaps by competing with Cyclin E for Cdk2 binding, although Cyclin A-Cdk2 complexes are not normally detectable during the embryonic division cycles [4] . Alternatively, the apparently stochastic inhibition might reflect variable levels of ectopic Cyclin A, perhaps in Brief Communication 241 Table 1 Effect of ectopic Cyclin or dacapo expression on endoreduplication in salivary glands. Figure 3e ). The first value reflects the average, the second value the maximal inhibition observed in the small nuclei indicated by the arrows in Figure 3e . In conclusion, our results suggest that endoreduplication cycles are driven by periodic Cyclin E expression. After having triggered a round of endoreduplication, Cyclin E-Cdk2 apparently needs to be inactivated temporarily to allow a subsequent round of endoreduplication, because continuous Cyclin E expression inhibits repeated endoreduplication cycles. Moreover, continuous expression of Cyclin A can also inhibit endoreduplication cycles, supporting the idea that an inhibitory activity of Cyclin A on onset of S phase contributes to the characteristic dependence of S phase on M phase during mitotic division cycles.
Materials and methods
The enhancer trap line F4, which directs Gal4 expression to the salivary glands, was obtained from the laboratory of C. Goodman (University of California, Berkeley). Additional UAS-Cyclin E lines were provided by H. Richardson (University of Adelaide). Lines carrying UAS-Cyclin A, UAS-Cyclin B or UAS-Cyclin B3 were generated by inserting fragments with the complete open reading frames of the corresponding cDNAs [1, 2] into the pUAST plasmid [5] , followed by germ-line transformation.
Supplementary material
Detailed materials and methods are published with this paper on the internet. Continuous Cyclin E expression inhibits progression through endoreduplication cycles in Drosophila 
Materials and methods
Embryos were collected on apple juice agar plates for 1 h and aged to the appropriate stages at 25°C. Pulse labeling of embryos after permeabilization of the vitelline membrane with water-saturated octane was achieved during a 20 min incubation in Schneider's tissue culture cell medium (Gibco) containing 1 mg/ml BrdU as described previously [1] . Immunofluorescent detection of incorporated BrdU was also done as described [2] using a mouse monoclonal antibody against BrdU (Becton-Dickinson).
Although in some initial experiments all nuclei of the salivary gland in all embryos incorporated BrdU, later experiments with the same UAS-Cyclin E transgene resulted in reduced incorporation in some nuclei in some salivary glands. Nevertheless, we never observed BrdU incorporation at the corresponding stages in control embryos, and the results of UAS-Cyclin E expression were always distinct from those of control experiments. We do not understand the reason for the variable incorporation, but it might be related to the observation that anti-Cyclin E immunolabeling was variable amongst different nuclei within a single salivary gland, perhaps reflecting periodic Cyclin E protein instability.
Flies carrying the w1 allele were used for control experiments because all transgenes were established and maintained in w -flies. The progeny analyzed in our experiments were obtained from crosses of homozygous UAS-transgenic males to F4 virgin females that were homozygous for the enhancer trap insertion.
Analysis of the expression of the UAS-transgenes in embryos by immunolabeling was done as described previously [1] using the antibodies we have described [1, 3] . For immunolabeling of late-stage embryos that have already acquired a cuticle, which is impermeable to antibodies, a longitudinal incision in the cuticle was made with a razor blade after fixation. For immunolabeling of larval salivary glands, the anterior one-thirds of larvae were cut off in Drosophila Ringer's salt solution (182 mM KCl, 46 mM NaCl, 3 mM CaCl 2 , 10 mM Tris-HCl, pH 7.2) and inverted with forceps before fixation in 4% formaldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 6.5 mM NaHPO 4 ) containing 0.1% Triton X-100. After immunolabeling the inverted heads, salivary glands were dissected and mounted for microscopic inspection.
Hoechst 33258 was used for DNA labeling at a concentration of 1 µg/ml. A cooled CCD camera (Photometrics) in combination with a Zeiss Axiophot microscope was used for image acquisition. DNA labeling was quantified by summing up the pixel intensities within nuclei in a focal plane including the nuclear equator. Equivalent positions in the tissues were chosen for analysis. Values for 4 to10 different nuclei of a given type (imaginal ring, salivary gland or fat body) from the same larvae were averaged and used for the calculation of DNA labeling ratios. Although single focal planes contain only a small fraction of the total DNA of a large polytene nucleus, a relatively large fraction was captured when analyzing small nuclei. Comparison of similar-sized imaginal ring and salivary gland nuclei in F4>UAS-Cyclin E larvae indicated that inhibition of endoreduplication was complete. Assuming that imaginal ring nuclei arrest in G1 and that salivary gland nuclei, which enter the first endoreduplication cycle from G2, arrest after the UAS-Cyclin E-induced second endoreduplication cycle, the ratio of DNA labeling in salivary gland nuclei to labeling of imaginal ring nuclei is expected to be eight, whereas it was found to be even lower (4.9; see Table 1 ).
